The classical neurotransmitter acetylcholine (ACh) and the potential modulatory peptide somatostatin are colocalized in terminals of avian choroid neurons. We previously showed that exogenous somatostatin inhibits ACh release in the choroid coat (Gray et al., 1989b) . In the present work we determine whether endogenous somatostatin plays a role in neuromodulation and what mechanisms are involved. To determine its role and its mode of secretion, voltage-sensitive Ca2+ channels in these terminals were identified pharmacologically using Ca 2+-dependent K+-evoked ACh release. Release of the primary transmitter ACh was triggered in the presence of high K+ by Ca2+ influx primarily via dihydropyridine (DHP)-insensitive channels, while inhibition of ACh release occurred when L-type channels were activated by the DHP agonist Bay K 8844. The somatostatin antagonist cyclo(7-aminoheptanoyl-phe-o-trp-lys-thr (BZL)) (CyCam) blocks the inhibition of ACh release induced by the agonist Bay K 8844 and indicates that endogenous somatostatin may normally modulate ACh release. Additionally, nifedipine, a DHP antagonist, and pettussis toxin, known to antagonize somatostatin's effect on ACh release, both reverse the Bay K 8844 effect on ACh release. Although the release of labeled ACh in the first 3 min collection period was not significantly affected by CyCam or nifedipine alone, release in the first minute was enhanced by 50% in the presence of 10 PM nifedipine.
Preincubation with CyCam alone also increased ACh release. These results support the hypothesis that endogenous somatostatin is physiologically released during the initial minute of depolarization in high K+ and that this release is mediated by DHP-sensitive Ca*+ channels.
Previously we reported that exogenous somatostatin inhibits K+-evoked 3H-ACh release in terminals in the vascular smooth muscle of the chick choroid and that this inhibition is blocked by pertussis toxin (PTX), indicating mediation by a G protein.
Experiments with a Ca*+ ionophore indicated that modulation occurred at the level of Caz+ entry (Gray et al., 1989b) . Since somatostatin is colocalized with ACh in the terminals of the choroid neurons of the ciliary ganglion (Epstein et al., 1988; Gray et al., 1989b) , we decided to investigate if endogenous somatostatin is released and what mechanisms are involved in the modulation of ACh secretion. Specifically, we were interested in determining if somatostatin is released during high-K+ incubation, if this release is Ca*+ dependent, and if the flux responsible for peptide release is through voltage-dependent channels distinct from those that trigger ACh release. We showed that this K+-stimulated release of 3H-ACh is not antagonized by nifedipine (Gray et al., 1989b) , indicating that Ca2+ flux through L-type Ca2+ channels probably does not trigger this Ca2+-dependent event.
It is generally accepted that in nerve terminals, Ca2+ influx couples depolarization to transmitter release. Two kinds of voltage-dependent Ca2+ channels have been implicated in transmitter release (Carbone and Lux, 1983; Perney et al., 1986; Miller, 1987; Yeager et al., 1987; Miller, 1988) : L-type [characterized by Nowycky et al. (1985) as high-threshold, high-conductance, slowly inactivating or noninactivating] and N-type (high-threshold, DHP insensitive). The presence of at least 2 separate types of voltage-sensitive Ca2+ channels in the same nerve terminal preparation has been shown using kinetics (Lemos and Nowycky, 1989) and pharmacology (Atchison and O'Leary, 1987) . It has been proposed that L-type Ca2+ channels preferentially trigger peptide release, while N-type channels preferentially trigger release of ACh or catecholamines (Miller, 1987; Hirning et al., 1988; Lipscombe et al., 1989) . However, this distinction has never been made in intact nerve terminals, where peptides and classical transmitters are colocalized. Although it is important to study the localization and molecular behavior of these Ca2+ channels, it is also important to determine the role that each channel type may play in synaptic transmission because they are likely targets for modulatory mechanisms.
Numerous studies (i.e., in cell bodies of cultured neurons, in which direct recording is possible) have characterized different types of Ca2+ channels both electrophysiologically and pharmacologically (for review, see Miller, 1987) . However, because the small size of intact choroid terminals precludes direct measurement of Ca2+ currents, we have distinguished the types of channels involved in secretion in the choroid primarily by pharmacological means, using Ca2+-dependent ACh release as an indicator of Ca2+ entry.
The anatomical colocalization of 2 or more neuroactive substances in the same neurons or terminals has been amply demonstrated in many peripheral and central neuronal synapses (Hiikfelt et al., 1987) , but studies of functional mechanisms of co-release are more scarce (Bartfai et al., 1988) , probably because few preparations are amenable for such studies (Lundberg et al., 1981; Allen et al., 1982; Jan and Jan, 1982; Campbell and Jackson, 1985) . The chick choroid coat, densely innervated by neuronal processes of the ciliary ganglion, is one such preparation.
In this report, we provide evidence that endogenous somatostatin is released by K+ depolarization. Furthermore, pharmacological evidence is advanced for the existence of 2 types of voltage-dependent CaZ+ channels (DHP sensitive and DHP insensitive) in the cholinergic terminals of the chick choroid. We suggest that these Ca2+ channels independently mediate release of the primary neurotransmitter in our system, ACh (via DHPinsensitive channels), and of the endogenous peptide somatostatin (via DHP-sensitive channels), which in turn inhibits ACh release, acting via a voltage-dependent Ca2+ channel. Preliminary reports of these observations have been previously published in abstract form (Gray and Pilar, 1988; Gray et al., 1989a) .
Materials and Methods Choroid and iris preparations
Whole irises and stereotypic wedges consisting of approximately onethird of the innervated choroid were isolated as described previously (Vaca and Pilar, 1979; Gray et al., 1989b) . These tissues contain synapses between ciliary ganglion neurons and either choroid smooth muscle (Meriney et al., 1987) or striated iris muscle (Vaca and Pilar, 1979) , both of which possess high-affinity Na+-dependent choline uptake-mediated ACh synthesis (Vaca and Pilar, 1979; Gray et al., 1989b ). The iris preparation-which is similar to the choroid in that it is an innervation target of parasympathetic cholinergic neurons, but dissimilar in that it does not contain somatostatin-positive cells or processes-serves as a useful control for many of our pharmacological manipulations.
Assay of labeled ACh release
Choroid and iris preparations were preincubated in oxygenated Tyrodes (134 mM NaCl, 3 mM KCl, 20.5 mM Na,HCO,, 3 mM CaCl,, 1 mM MgCl,, glucose, 2.2 gm/liter) containing 3H-Ch (final specific activity, 8.1 Ci/mole; total choline concentration at 1 PM) and 0.5% BSA for 70 min at 37°C and washed by centrifugation as described previously (Gray et al., 1989b) . Prestimulation release of 3H-ACh was measured in 5 min collection periods during preincubation in normal Tyrodes at 37°C. To evoke release from terminals in the iris and the choroid, the tissues were incubated in 55 mM KC1 Tyrodes (equimolar substitution for NaCl) for time periods as indicated in the text or figure captions. Release values were converted to disintegrations/min (DPM) and expressed per minute of collection time. The collection times varied from 1 to 10 min, and the values are expressed as averages of DPM/min or as percentages of the last prestimulation period counts for that sample. Figure 1 shows a dose-response relationship between K+ concentration and evoked ACh release for the initial 3 min period. Although 28 mM KC1 does not evoke an increase in ACh release, 110 mM KC1 stimulates further release of labeled ACh over that at 55 mM KCl. In most of the experiments described here, 55 mM K+ was used to evoke release. All release solutions, normal, zero-Ca2+ or high-K+ Tyrodes, contained BSA to prevent adhesion of tissues to sides of tubes or bubbler needles and 10 PM eserine sulfate to inhibit any endogenous cholinesterases present. DHP stocks were stored in opaque containers to prevent loss of activity due to exposure to light. Experiments in which these drugs were used were conducted under red light. DHP incubations during evoked release were always preceded by a 5 min preincubation in the normal Tyrodes bath, to ensure adequate time for binding and diffusion into tissues. In cases where DHP compounds had no effects, we increased preincubation time up to 15 min without affecting results. However, we avoided prolonged incubation of cells with DHPs and the carrier DMSO because there is evidence that nifedipine and related antagonists may diffuse intracellularly and modify cytoplasmic Ca*+ (Pang and Sperelakis, 1983a, b) . This was apparent in our preparation since incubation of choroids with 10 WM nifedipine for 15 min or longer during tissue loading of )H-Ch prevents accumulation of labeled ACh (unpublished observations). )H-ACh was separated from 3H-Ch by highvoltage paper electrophoresis and measured by scintillation counting as described previously (Vaca and Pilar, 1979; Gray et al., 1989b) . Statistical analyses of data were performed using a 2-tailed Student's t test.
Immunological staining of choroid tissues Synaptic vesicle-speccjic antibody. A triangular wedge of tissue similar to that used for the ACh release experiments was dissected free in oxygenated zero-Ca *+ Tyrodes. After removing the retina, any remaining pigment epithelium was removed from the tissue with a cotton bud and the choroid coat was dissected free from the sclera and pinned flat in a Sylgard-coated dish. The tissue was fixed for 30 min in ice-cold 4% paraformaldehyde and washed 3 times for 10 min each time in phosphate buffer with 0.3% Triton X-100 (PBT) before incubation in the monoclonal antibody SV2 (provided by K. Buckley, Harvard University), diluted 1: 10 in BSA/phosphate buffer (PB), overnight at 4°C. This antibody binds to an undefined synaptic vesicle protein present in apparently all secretory vesicles (Buckley and Kelly, 1985) . The choroids were washed 3 times in PBT for 30 min each time and were incubated with goat-anti-mouse IgG conjugated to fluorescein isothiocyanate (FITC) (Siama) at 1:50 in 2% BSA in PBT for 30 min at room temnerature. then washed again 3 times in PB for 30 min each time and mounted flat between 2 coverslips in Fluoromount G.
Photographs were taken using a confocal fluorescence microscope (courtesy of the BioRad Corporation, Richmond, CA). A composite image was constructed from a high-resolution video screen containing 12 contiguous focal planes of 0.5 pm each.
Antibodies against peptides. The choroid, dissected as above, was immediately fixed, stained for somatostatin, and mounted as described previously (Gray et al., 1989b) . Choroids were incubated in rabbit antisomatostatin antiserum (Axell, distributed by Accurate Scientific, Westbury, NY) at a 1:400 dilution for 24-48 hr at 4°C. This polyclonal antibody was raised against synthetic cyclic somatostatin 1-14, but it cross-reacts with synthetic cyclic somatostatin 14-28. The secondary antibody was goat anti-rabbit IgG conjugated to FITC. Antibody specificity was tested by replacing the primary antiserum with preadsorbed antiserum at the same dilution containing 50 /Ig/ml synthetic cyclic somatostatin 14-28 or with nonimmune rabbit serum. Similar techniques were used with irises.
Direrential distribution of somatostatin-positive neurons in the ciliary ganglion Embryonic stage 43 chick ciliary ganglia were dissected free in zeroCa*+ Tvrodes and fixed for 3 hr in 4% naraformaldehvde in 0.1 M PB. Ganglia were then washed 3 times in 2b% sucrose in PB over 24 hr at 4°C. Each ganglion was then embedded in OCT compound (Tissue Tek) and frozen in 2-methyl butane on dry ice. Serial 10 pm frozen sections were cut through an entire ganglion, collected on subbed slides, dried overnight, and washed 3 times in PBT. Sections were then preincubated for 1 hr at room temperature in a blocking solution containing 2% BSA in PBT. The sections were then incubated for 24 hr at 4°C in a rabbit antiserum against somatostatin (a gift from Dr. Garcia-Atraras, University of Puerto Rico), diluted 1:500 in blocking solution. The sections were washed in PBT and subsequently incubated in goat anti-rabbit FITC (Sigma), diluted 1:50 in blocking solution, for 1 hr at room temperature. A final rinse in PB was done before the sections were mounted in Fluoromount G and viewed under eoifluorescence with FITC filters on a Nikon Labophot microscope. Similar controls for specificity of antibody binding were conducted as described in the preceding section.
Ganglionic sections were oriented by the presence of a blood vessel which runs longitudinally along the ventrolateral border of the ganglion. The choroid region was recognized by the presence of small cells and its ventral position in the ganglion (Pilar et al., 1980) . All sections were photographed on 35 mm film, and reconstruction of the ganglion was done by projecting the negatives on a TV screen and tracing the somatostatin-positive neurons and the outline of the ganglion on acetate sheets.
Electron microscopy
Choroids isolated from 1 -to 4-d-old chicks were fixed in a solution of 1.5% glutaraldehyde, 1.5% paraformaldehyde, and 1.5% acrolein in 0.1 M cacodylate (pH 7.3) for 5 hr. They were then postfixed in 2% osmium tetroxide for 1 hr and dehydrated for embedding in Epon Araldite. Thin sections stained with 2% uranyl acetate and 1.5% lead citrate were 
Results

Localization of somatostatin-immunoreactive cells in the ciliary ganglion and its synaptic targets
Previously we have shown the localization of somatostatin in the cholinergic processes of the ciliaty ganglion in the choroid preparation using cytoskeleton and somatostatin antibodies. This colocalization of ACh and somatostatin in the choroid terminals is in contrast to the clear lack of somatostatin immunoreactivity in the iris (Gray et al., 1989b ; see also Epstein et al., 1988) . We pursued the subject further by localizing the somatostatin immunoreactivity in the parent cell bodies in the ciliary ganglion of the terminals of the synaptic targets. We also provide further evidence of the colocalization of somatostatin and ACh in the choroid varicosities.
In the single section shown in Figure 2A , the choroid region . A, Whole mount of a hatchling choroid stained with antibodies to synaptic vesicle antigen (SV2), using secondary antibody conjugated to FITC. Photography was carried out through a confocal fluorescence microscope using a composite image from a high-resolution video screen containing images from 12 contiguous focal planes of 0.5 pm each. Antibody-defined parallel tracts appear to send branches that coil around blood vessels. B, With the confocal reconstruction, it is possible to observe single axons with uneven distribution of synaptic vesicle antigen (varicosities, arrow). C, Whole mount of another choroidal coat reacted with somatostatin antibody (Axell, 1:400 dilution). Processes staining positive have a similar distribution to those in A. Longitudinal outlines of blood vessels can be distinguished. D, Controls: whole mount of choroidal coat reacted with anti-somatostatin which was preincubated for 36 hr with 50 Ilg/ml cold somatostatin. Although there remains some autofluorescence, no structures can be recognized. Scale bar: A, C, and D, 100 pm; B, 20 pm. is in the lower portion, corresponding to the striped region in the serially reconstructed ganglion shown in Figure 2B . It is clear that virtually all of the choroid cells (distinguished by both position and smaller cell bodies) (Pilar et al., 1980) are somatostatin positive. In addition, larger neurons, also somatostatin positive, are scattered throughout the ganglion. The positions of these cells in several sections, near the presynaptic nerve, in the midsection, and near the postsynaptic nerve, are denoted by circles in Figure 2B . It is not clear if these and similar cells in other sections (62 cells in 20 sections, corresponding to < 10% of the total ciliary population) are misplaced choroid cells or a somatostatin-containing subpopulation of ciliary neurons. However, because this is such a small percentage and because our previous study of ganglionic nerve terminals shows that somatostatin is restricted to the choroid (Gray et al., 1989b ; see also Epstein et al., 1988) , we conclude that the choroid population rather than the ciliary contains most of the endogenous somatostatin. Figure 3 shows that somatostatin is contained within the processes of the choroid neurons, which form a dense meshwork of nerve fibers wrapped around the abundant small blood vessels and contain synaptic varicosities. In Figure 3A , the nerve plexus is visualized with SV2, a synaptic vesicle antigen that stains most terminal fibers because of their abundant synaptic vesiclecontaining varicosities (see also Fig. 4) . Figure 3B shows synaptic vesicle antigen staining at higher magnification, while Figure 3C shows a similar region stained with anti-somatostatin. It is clear that somatostatin reactivity is distributed fairly uniformly throughout the plexus of terminal nerve fibers. However, in both, especially in terminal regions, the varicose nature of the staining is apparent (Fig. 3B, arrows ; see also Fig. 4 ). Similar whole mounts were stained with primary antisera to somatostatin which had been preadsorbed with excess exogenous somatostatin. These show no staining for somatostatin-positive nerve fibers, although some background autofluorescence remains (Fig. 30 ). Figure 3A is remarkably similar to Figure 3B in Gray et al. (1989b) , in which cytoskeleton antibody was used to reveal the choroid nerve network. One reason for the high density of the SV2 staining of Figure 3A became clear when the tissue was studied with the electron microscope. Figure 4 is a low-power micrograph in which axon fascicles can be seen embedded in the choroid coat matrix. Of the large number of axon profiles observed, many have clear synaptic vesicles (v), and a smaller percentage of these profiles also contain large dense core vesicles (-9. 
Ca2+ channels and ACh release
Incubation of choroid wedges in 55 and 110 mM K+ Tyrodes increased 3H-ACh release by 2-and 3-fold, respectively, the characteristics of which are summarized in Table 1 . This evoked release of 3H-ACh from choroid terminals was inhibited by removal of external Ca2+ and blocked by cadmium (Cd) or w-conotoxin (w-CgTX). This inhibition was irreversible even after 12 washes in toxin-free Tyrodes over 30 min, suggesting that CaZ+ entry through T-type voltage-dependent channels is not responsible for triggering labeled ACh release (McClesky et al., 1987) . DHP antagonists such as nifedipine, verapamil, and D600 had no effect on K+-evoked release even at concentrations of 10 PM. These data imply that DHP-sensitive channels (Ltype) are not required to trigger K+-evoked ACh release, suggesting DHP-insensitive, possibly N-type Ca*+ channels as candidates for this role. Of course, Ca2+ channels in these cholinergic terminals may not conform to electrophysiological characteristics of channels in cell bodies of sympathetic or dorsal root ganglion cells.
Ca2+ channels sensitive to DHPs
The lack of inhibition of evoked ACh release by DHP antagonists does not prove that DHP-sensitive Ca2+ channels are absent from these nerve endings. Because the activation and inactivation of some types of Ca2+ channels are voltage dependent, the effect of prior depolarization on release was tested in choroid terminals. A 5 min predepolarization in 28 mM K+ Tyrodes containing 10 PM nifedipine also did not reveal any inhibition of subsequent K+-evoked ACh release (in 55 or 110 mM K+) (see also Gray et al., 1989b) . However, some DHP sensitivity could be uncovered when the evoked release period was preceded by a 60 set predepolarization in 5 5 mM K+ Tyrodes without Ca2+. Subsequent K+-evoked release in 3 mM Ca2+ was significantly reduced (45% f 2 1 of control evoked release, p < 0.05, n = 8), as would be expected if a portion of the channels responsible for release were inactivated. Forty-two of the residual release after inactivation was, however, inhibited by nifedipine (42% + 26 inhibition of evoked ACh release after 28 mM K+, 0 Ca2+ prepulse; p < 0.05, n = 8). One explanation for the slightly increased sensitivity of ACh release to nifedipine (22% of total evoked release) is that these cholinergic terminals contain 2 populations of voltage-dependent Ca2+ channels, DHP sensitive and DHP insensitive (Nowycky et al., 1985; Miller, 1987) . The lack of effect of DHP antagonists on ACh release seen in Table 1 suggests that these DHP-sensitive, slowly inactivating channels normally play a less important role in K+-evoked transmitter release than other Ca*+ channels. However, if DHP-insensitive channels are inactivated by K+ predepolarization, Ca2+ entering by DHP-sensitive channels might then cause the release of ACh normally mobilized by Ca2+ entering via DHP-insensitive channels. The presence of multiple Ca 2+ channels in these cholinergic terminals was pursued further by using Bay K 8644, a DHP agonist. We hypothesized that if L-type channels are present, this drug should enhance Ca2+ influx during depolarization and increase ACh release. Surprisingly, incubation with Bay K 8644 depressed evoked 3H-ACh release by more than 60% in the first two 3-min collection periods (Fig. SZB, hatched ) compared to controls (Fig. 5ZA, clear) . However, this apparently paradoxical Values represent percentage of control "H-ACh release evoked in 55 rn~ K+ Tyrodes for each condition. Incubation in high-K+ Tyrodes evoked a mean 2.6-fold increase in )H-ACh release over basal prestimulation values. In Ca2+-free Tyrodes, the cation was omitted from the superfixate throughout the experiment. DHPs were dissolved in 0.1% DMSO. DMSO alone has no effect. SS, somatostatin. Values are means k SE. Negative percentages indicate inhibition of basal release, as well as evoked release. 0 Significantly different from controls; p < 0.05, n is at least 4 in all cases.
Time ( min 1
Time ( min ) effect would be expected if activation of L-type channels during Bay K 8644 application leads to release of endogenous somatostatin, a potent inhibitor of ACh release in the choroid coat (Gray et al., 1989b) . In support of this explanation, incubation with Bay K 8644 had no inhibitory effect on ACh release in preparations of the isolated iris ( Fig. 5ZZA and 5ZZB ), which also has no endogenous somatostatin (Gray et al., 1989b ).
Ca2+ channels and somatostatin release
To test whether inhibition of ACh release by Bay K 8644 is mediated by endogenous somatostatin, we used a known somatostatin antagonist, CyCam, which has been shown to reverse somatostatin inhibition of growth hormone release (Fries et al., 1982) . Figure 6 shows that 5-10 KM CyCam maximally reverses the inhibition of ACh release caused by 100 nM exogenous somatostatin. We therefore used this concentration of CyCam in the succeeding experiments. This dose-response curve also shows that CyCam's inhibition of somatostatin's effect does not become apparent until the micromolar range and then decreases at CyCam concentrations over 10 PM. The rather narrow peak or range of maximum effect of CyCam may be caused by the direct inhibition of labeled ACh release by CyCam at concentrations greater than 10 FM (unpublished observations). This antagonism of exogenous somatostatin is useful since it provides a specific test for the involvement of endogenous somatostatin in phenomena affecting ACh release in the choroid. Figure 7 shows that preincubation with 2 agents known to reverse somatostatin's action in the choroid junctions can also prevent the Bay K-induced inhibition of ACh release. For these experiments we used both CyCam and PTX, an antagonist of certain G proteins which previously had been shown to reverse inhibitory effects of exogenous somatostatin on choroid terminals (Table 1 ). In Figure 8 To calculate this value, each experiment contained control tissues and those exposed to 100 nM somatostatin. The percent inhibition of evoked release was calculated (evoked-prestimulation in somatostatin divided by evoked-prestimulation in controls) and subtracted from 100 to give a measure of inhibition of somatotstatin's effect. Values are means from 2 separate experiments, and bars are ranges.
K+ Tyrodes significantly reduces ACh release relative to control stimulations. When either 10 PM CyCam (Fig. 7A) or 200 units/ ml PTX (Fig. 7B) were preincubated with the preparation and present during the high-K+ incubation, this reduction in ACh release was reversed. Finally, coincubation of Bay K 8644 with 10 PM nifedipine (Fig. 7C ) also abolished the Bay K 8644 inhibition of K+-evoked 3H-ACh release. This strongly supports the supposition that Bay K 8644 is acting as a DHP agonist and that DHP-sensitive or L-type Ca2+ channels are present in the nerve endings. CyCam, nifedipine, or PTX administered alone had no effect on K+-evoked 3H-ACh release measured over the initial 3 min period (not shown).
Since incubation with CyCam or nifedipine alone did not significantly enhance normal K+-evoked release, we considered the possibility that somatostatin is not released in sufficient quantity to affect ACh release during high-K+ incubation. One might expect high-K+ incubation with Bay K 8644 to be more effective than K+ incubation alone in releasing somatostatin because Bay K 8644 increases DHP-sensitive single-channel open time (Hess et al., 1984) . However, it was also possible that we were not observing ACh release at the appropriate interval after the high-K+ challenge to see the influence of an endogenously released inhibitory peptide. Thus, we screened the effects of the somatostatin antagonist (CyCam) and DHP antagonist (nifedipine) on prolonged release periods in case somatostatin release was slower or delayed relative to ACh. Even in periods up to 30 min after exposure to high K+, no enhancement of labeled ACh release in the presence of CyCam was observed (data not shown). Conversely, ACh release in the initial minute after exposure to high K+ was also examined. choroid ( Fig. 84 . This increase in ACh release appears to be due to inhibition ofan endogenous somatostatin effect which is apparent within seconds after depolarization. However, these same values, when averaged with the next 3 min period, show no significant increase in labeled ACh release, agreeing with the original results for 3 min release periods in the choroid, expressed in Table 1 . Thus, this inhibitory effect of coreleased somatostatin is terminated after 1 min by an unknown mechanism. In the isolated iris (Fig. 8B ) devoid of endogenous somatostatin there is no enhancement of ACh secretion even in the first minute of release, with either nifedipine or CyCam. Nifedipine does cause a significant inhibition of evoked ACh release in the 1 min period, suggesting that DHP-sensitive channels may be present also in those terminals.
Finally, Table 2 shows that the enhancement of ACh release in the initial minute by nifedipine in the choroid is not further increased by coincubation with 5 PM CyCam. If DHP-insensitive calcium channels contribute significantly to somatostatin release, then selective blockade of only DHP-sensitive calcium Experimental conditions arc the same as described in Figure 8 . Values represent percent increase in )H-ACh release evoked in 1 min of 55 tn~ K' Tyrodes for each condition. Values are means ? SE. " Significantly different from controls; p < 0.05, n = 4. channels would be expected to enhance ACh release to a much smaller extent than blockade of the somatostatin receptor (by CyCam), which is at a final common pathway. Since this is not the case, the evidence supports the suggestion that little somatostatin release is mediated by calcium influx through DHPinsensitive channels.
Discussion
In a previous study, we provided evidence at the light microscopic level in the choroid junction that ACh and somatostatin may be colocalized (Gray et al., 1989b) . In this report, we show further support for colocalization of synaptic vesicles and somatostatin-like immunoreactivity, as well as a correlation between choroid cells in the ganglion and somatostatin.' We also provide circumstantial but compelling evidence that both substances can be released by K+ depolarization that involves Ca*+ entry via pharmacologically different Ca2+ channels, ACh preferentially through the DHP-resistant and perhaps rapidly inactivating channels and somatostatin via the DHP-sensitive, slowly inactivating (L-type) channels. Furthermore, we also provide evidence that transmitter release evoked by a 1 min incubation in high K+ is enhanced by a somatostatin inhibitor. This implies that endogenous somatostatin is secreted under physiological conditions and can inhibit the initial portion of ACh release.
Somatostatin is a versatile hormone, present in the gastrointestinal tracts and pancreas, where it inhibits the release of some gut hormones, and in the hypothalamus, where it controls the secretion of growth hormone and thyrotrophin-secreting hormone. It is also present in the nervous system, in the hippocampus, the cortex, and the PNS (Meyers and Coy, 1980) . Somatostatin regulates the activity of smooth muscle by modulating the neuronal release of cholinergic (Guillemin, 1976) and adrenergic (Cohen et al., 1978) transmitters. The studies reported here shed some light on how somatostatin executes its action and what mechanisms are involved in the presynaptic regulation of transmitter output. In the hippocampus and cerebral cortex, somatostatin depresses the neuronal activity in viva, although ' In Figure 2 we show that some large somatostatin-positive neurons are scattered through the ciliary neuron region of the ganglion, although most are near the demarcation zone between ciliary and choroid regions. The identity and targets of these cells are not clear. They may be neurons that innervate nonchoroid structures, choroid cells that are not segregated with the majority, or ciliary neurons that transiently express somatostatin. In any case, these cells represent only a small fraction of ganglion neurons and do not significantly affect the dichotomy of somatostatin expression between ciliary and choroid neurons. exogenously applied somatostatin increases the neuronal firing elicited by applied ACh (Mantillas et al., 1986) . Some of these effects could also be due to a postsynaptic action of somatostatin. It is also of interest that somatostatin-containing neurons may interact with intrinsic cholinergic systems in the cortex (Delfs et al., 1984) . Also, Alzheimer's patients show a diminution of cholinergic innervation and somatostatin levels (Davies, 1979; Davies et al., 1980) . We are far from explaining the many functions of somatostatin. Rather, the importance of these results is in understanding the mechanisms by which somatostatin is secreted in the nervous system.
Colocalization of somatostatin and ACh
The demonstration that somatostatin-like immunoreactivity is concentrated in the choroid region of the ganglion provides clear evidence for colocalization of this peptide in cholinergic neurons. This is further supported by the similar patterns of staining for somatostatin and neurofilament staining in the choroid (Gray et al., 1989b) and SV2 staining (a well-characterized antibody to synaptic vesicle antigen) (Buckley and Kelly, 1985) in this report. The EM photograph also shows dense-core vesicles in the same terminal or release site as smaller, clear vesicles. This small ratio of dense-core vesicles to clear vesicles could explain the relatively faint somatostatin stain observed when compared with the cytoskeleton or SV2 antibodies, although there is no direct evidence yet that somatostatin is contained in the densecore vesicles.
Ca2+ channels and the release of ACh and somatostatin If ACh and neuropeptides are separately released by Ca*+ entry through distinct channels, then these cholinergic terminals must contain at least 2 populations of voltage-dependent Ca2+ channels, DHP sensitive and DHP insensitive. This has recently been shown in an isolated presynaptic preparation (Lemos and Nowycky, 1989 ) and in other preparations in which transmitter release is measured indirectly (Perney et al., 1986; Atchison and O'Leary, 1987) . This is also true in the choroid coat, since a DHP agonist effect is reversed by a DHP antagonist, providing strong support for the existence of DHP-sensitive Ca2+ channels in these terminals. Likewise, the simultaneous presence of Ca2+ -dependent, w-conotoxin-sensitive but DHP antagonist-insensitive transmitter release supports the coexistence of DHP-insensitive Ca2+ channels (at least under these conditions). Given the current uncertainty of the link between DHP sensitivity and L channels (see Plummer et al., 1989) in neurons, it is unclear if the 2 populations of channels (DHP sensitive and insensitive) represent 2 L-types, an N-and L-type, 2 N-types, or an entirely new kind of voltage-dependent Ca2+ channel. Figure 9 is a schematic representation of the mechanism of neuromodulation at a choroid terminal which incorporates the findings from this report and from our earlier study (Gray et al., 1989b) . In this model, ACh and somatostatin are colocalized in the same nerve process, which also contains both DHP-sensitive and -insensitive types of voltage-dependent Ca2+ channels. Activation of DHP-sensitive channels allows inward Ca*+ flux that triggers somatostatin release from the terminal. This somatostatin binds to presynaptic receptors on its process, activating a G protein.
The activation of this G protein (which is PTX sensitive) decreases Ca*+ flux through voltage-activated DHP-insensitive Ca*+ channels. This interaction between channel and regulatory protein may either be direct within the membrane or may involve a still unknown cellular second messenger (Gray et al., 1989b) . Decreased Ca2+ entry through this channel leads to a decrease in ACh release from terminals. Following this scheme it is clear why Bay K 8644 activation of DHP-sensitive Ca2+ channels may lead to somatostatin release and thus local inhibition of evoked ACh release. Conversely, antagonism of these channels by nifedipine decreases somatostatin release and thus enhances ACh release. The fact that further block of this pathway with the somatostatin antagonist CyCam (added together with the nifedipine) does not result in any further enhancement of ACh release also supports the suggestion that only DHPsensitive channels contribute to somatostatin release.
The reason that Ca*+ influx into terminals through DHP-sensitive channels does not trigger ACh release is unclear, but it may be that there are fewer DHP-sensitive channels than DHPinsensitive channels in the terminals or that there is selective localization of N-type channels close to the releasable ACh pool (Augustine et al., 1987) . These 2 alternatives are not necessarily mutually exclusive. Our results and those of Atchison and O'Leary (1987) on transmission at the rat neuromuscular junction suggest the colocalization of DHP-insensitive and -sensitive channels in the terminals of each preparation but reinforce our conclusion that it is primarily the DHP-insensitive channels that are involved in ACh release. This division of function has also been demonstrated in sympathetic neuron cell bodies where norepinephrine modulates somal transmitter release via N-like channels identified electrophysiologically (Lipscombe et al., 1989) . The increase in evoked ACh release in Figure 7A in the presence of both Bay K 8644 and CyCam suggests that when somatostatin's effects are subtracted, increased calcium influx through an L channel may enhance ACh release. However, it must be noted that this apparent increase is not statistically significant for these samples.
DHPs and Ca2+ channel characterization Using DHP sensitivity as an assay for L-type CaZ+ channel activity has recently come under criticism due to DHP binding kinetics and effects of G protein activation. However, arguments for nonspecific or incomplete action of DHPs (on L channels) in the choroid appear to be unlikely for the following reasons.
An alternative explanation for the DHP agonist-induced inhibition of ACh release involves the possible "switching" of Bay K 8644 to an antagonist. Previously, it was shown that activation of G proteins could change the action of a DHP antagonist to that of a DHP agonist (Scott and Dolphin, 1987) . We considered that this conversion could be responsible for the reduction in ACh release induced by Bay K 8644 (acting now as an antagonist) instead of acting via release of somatostatin. However, this possibility is remote since we show that the potential contribution of Ca2+ entry through L-type channels for ACh release is relatively small. Nevertheless, if this were the case, addition to the superfusate ofa traditional DHP antagonist should enhance the Bay K 8644 inhibitory effect. Quite to the contrary, 10 PM nifedipine blocked the Bay K 8644 effect, indicating that Bay K 8644 was acting as an agonist (Fig. 8C) .
Another concern involving the use of DHPs is their controversial efficacy in blocking L-type Ca2+ channels in many preparations (Hess et al., 1984; review by Miller, 1987; Bean, 1989a; Plummer et al., 1989) . Thus, the lack of antagonism of ACh release by nifedipine may be construed as inadequate binding of the drug to an L-like channel in the terminal, due to voltage dependence. This voltage-dependent binding affinity (Lee and Tsien, 1983; Sanguinetti and Kass, 1984) has been used to explain the apparent lack of effect of DHP antagonists on transmitter release in cultured ganglion cells (Holz et al., 1988) . However, for several reasons we do not favor this explanation. First, Holz et al. demonstrated that in cultured dorsal root ganglion neurons, high-K+-evoked transmitter release, in contrast to that evoked by electrical stimulation, is DHP sensitive, due to the sustained nature of the depolarization. Second, we have shown previously that preincubation in 25 mM K+, O-Ca*+ Tyrodes, which might be expected to depolarize cells sufficiently to cause enhanced binding of DHP (Sanguinetti and Kass, 1984) has no effect on subsequent release ofACh (even with 50 PM nifedipine) (Hess et al., 1984; Gray et al., 1989b) . Finally, when DHPsensitive channels are revealed by Bay K 8644 in the first minute of ACh release, nifedipine indirectly affects ACh release without a predepolarization step. In the inactivation experiment, a 0-CaZ+ prepulse also "uncovers" a small amount of DHP-sensitive ACh release. Although we cannot speculate about Ca2+ channel kinetics from this study, we do interpret these results to demonstrate DHP-sensitive channels in this preparation.
Time course of endogenous somatostatin effect The lack of any enhancing effect of nifedipine or other DHP antagonists on ACh release (Table 1 ) was puzzling at first in light of our hypothesis that endogenous somatostatin was released by Ca2+ entry via DHP-sensitive channels. At first we concluded that somatostatin might not be released by high-K+ incubation without the addition of Bay K 8644. As demonstrated in Figure 7A , however, it is only in the initial minute of the release period that an endogenous somatostatin effect can be observed indirectly. If this initial minute is averaged with the next 3 min, the enhancement of ACh release is occluded (Fig.  7A) . These results, also seen with the somatostatin antagonist in the choroid, imply that the role of endogenous somatostatin is transitory (< 1 min) under this stimulation paradigm (Fig.  7A) . There are several possible explanations for this transience. First, the somatostatin may be released only during this time period, or second, somatostatin may be inactivated soon after release, or third, the effect of somatostatin itself may be transitory. This last possibility has been shown by Bean (1989b) in cultured bullfrog dorsal root ganglion cells bodies, where depression of Ca2+ current by somatostatin relaxed back to control levels within 20-50 msec. However, in the choroid coat, exogenous somatostatin inhibits ACh release for over 6 min (Gray et al., 1989b) . Another hypothesis is that somatostatin may inhibit Ca2+ entry through DHP-sensitive channels necessary for its own release as well as channels responsible for ACh release. Thus, somatostatin may be released in "waves" of 30 set or so, delimited in time by its own autoregulatory feedback, freeing ACh release from inhibition until the next nerve stimulus that is able to cause peptide release. However, there is no evidence now to decide among these hypotheses. Finally, the complete lack of enhancement of ACh release with either nifedipine or the somatostatin antagonist in the iris preparation (which lacks somatostatin) strongly supports the role of somatostatin as an endogenous neuromodulatory peptide in choroid terminals (Figs. 2, A, B, 511, 6B ).
In this report we have essentially used inhibition of )H-ACh release from the choroid as a bioassay for somatostatin release. Currently we are measuring somatostatin release directly, using radioimmune assay and also determining if electrical stimulation of the choroid nerve terminals will also cause somatostatin release. These measurements will test our hypotheses directly and may answer the questions dealing with physiological relevance of neuromodulation in the choroid system. However, the present study provides the first pharmacological evidence for specific roles of different voltage-dependent Ca2+ channels in controlling the release of a neurotransmitter and its modulator from the same population of terminals. Furthermore, these results suggest distinct secretory pathways in choroid terminals, one for the classical transmitter ACh and the other for its modulator, somatostatin, allowing their selective activation and regulation by action potential frequency modalities and second messengers or hormones. It will be important to demonstrate the generality of these findings to more physiological stimulation paradigms and to synapses in the CNS.
